We evaluated the hypercapnia response test as a weaning outcome predictor from mechanical ventilation in patients with chronic obstructive pulmonary disease (COPD).
Weaning failure from mechanical ventilation usually represents an imbalance between ventilatory demand and ventilatory capacity leading to respiratory acidosis 1, 2 . Indices of respiratory centre drive, such as airway occlusion pressure at 0.1 second of inspiration (P 0.1 ) or mean inspiratory flow (V T /T I ), are usually above the normal range [3] [4] [5] but in some patients the level of respiratory centre drive is insufficiently increased for the level of chemical stimulation 1, 6 . Only a small proportion of such failure is caused by a depressed respiratory-centre drive. In the majority of occasions, it is due to an impaired respiratory system mechanics and diaphragm muscle weakness 7 .
Ventilatory capacity can be measured through the hypercapnic response test. Several studies have shown that the response to hypercapnia in critically ill patients ready for a weaning trial from mechanical ventilation is lower in patients who failed the weaning trial than in patients who succeed 6, 8 . Nevertheless, the hypercapnia test, in a study with a large sample of critically ill patients, was not useful to discriminate weaning outcome between patients who successfully passed a weaning trial and patients who failed because of its low accuracy 8 .
The accuracy of the response to hypercapnia in intubated patients with chronic obstructive pulmonary disease (COPD) to discriminate the weaning outcome is unknown. Pourriat et al 9 found that patients with COPD ready for a weaning trial from mechanical ventilation who failed, also had lower response to hypercapnia than successful weaning patients, but the difference was not significant.
The objective of the present study was to investigate whether the hypercapnia test response is a useful weaning outcome predictor in COPD intubated patients.
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Patients
We prospectively studied 44 patients admitted to two medical intensive care units (ICU) suffering COPD exacerbation related acute respiratory failure. All required tracheal intubation and mechanical ventilation for more than 48 hours. Patients who were clinically stable and whose primary physician considered them ready to undergo a weaning trial were recruited on a consecutive basis. The study was approved by the review boards of both hospitals and informed consent was obtained from each patient.
All patients underwent a daily screening to assess readiness for a spontaneous breathing test (SBT) performed by the primary physician. The clinical criteria for considering readiness for an SBT are listed as follows: a clear improvement or resolution of the condition that initially necessitated mechanical ventilation, P a O 2 >60 mmHg while receiving a fraction of inspired oxygen (FiO 2 ) ≤0.4, positive endexpiratory pressure ≤5 cmH 2 O, temperature <38°C, haemoglobin >8 g/dl, no requirement for vasoactive drugs and no need for intravenous sedation during the previous 24 hours 10 . The patient had to be awake and able to obey oral commands.
Protocol
All the pulmonary function measurements were carried out with the patient in the semi-recumbent position, immediately following endotracheal suctioning. We continuously recorded electrocardiogram, heart rate, pulse oximetry and invasive systemic blood pressure.
Maximum inspiratory pressure (MIP) and maximum expiratory pressure (MeP) were measured after one to two minutes of spontaneous breathing. Our method for inducing hypercapnia involved reinhalation of expired air 11, 12 , by inserting a length of corrugated tube between the y-piece and the endotracheal tube, which increased the deadspace by a volume similar to the tidal volume (V T ) obtained with a pressure support of 7 cmH 2 O. After performing the hypercapnia test, the added deadspace was removed.
Baseline values for the hypercapnia test were obtained after applying five minutes of pressuresupport ventilation (PSV) with a pressure of 7 cmH 2 O, without positive end-expiratory pressure, and FiO 2 was set at 1.0 to prevent hypoxaemia for patients' security and to avoid hypoxic stimuli. V e and respiratory rate and P 0.1 were recorded from the ventilator (evita 2 Dura or evita 4, Dräger, Lübeck, Germany) and an arterial blood sample was drawn. Thereafter, we initiated the hypercapnia test (explained above) maintaining the patient's breathing with PSV of 7 cmH 2 O. After at least four minutes and when the exhaled CO 2 (measured via capnography) had increased by approximately 10 mmHg, we again measured V e , respiratory rate and P 0.1 and collected another arterial blood sample. When the hypercapnia test was finished, the patient was returned to his or her original assisted ventilation mode. The primary physician, who was unaware of the response to the hypercapnia test, applied the weaning protocol 15 to 30 minutes after the hypercapnia test.
The SBT was performed for two hours, with a T-piece and the same FiO 2 used during mechanical ventilation. The SBT was considered successful if the patient had no signs of distress (defined as respiratory rate >35 breaths/minute, arterial oxygen saturation <90%, heart rate >140 beats/minute, systolic blood pressure >180 mmHg or <90 mmHg, agitation, diaphoresis or anxiety) 10 . In patients who did not tolerate the SBT, the discontinuation of mechanical ventilation was done with progressive reduction of the pressure-support level. The PSV was titrated to achieve a respiratory rate of 20 to 30 breaths/minute and progressively reduced by 2 to 4 cmH 2 O at least twice daily if clinically tolerated. When a pressure-support of 5 to 7 cmH 2 O was tolerated without apparent distress for two hours, the patient was extubated. If the patient did not tolerate a decreased pressure-support level, we reinstituted the previous pressure level. The decision to extubate or to reconnect the patient to the ventilator was made by the primary physician, according to the above criteria. If the SBT was successful the patient was extubated. extubation was considered successful if re-intubation was not required within 48 hours of extubation.
Measurements and procedures
MIP and MeP were measured with an external pressure transducer via a unidirectional valve (Hans Rudolph, Kansas City, Missouri, USA) connected to the endotracheal tube. MIP was obtained at residual volume by occluding the inspiratory port of the unidirectional valve, whereas MeP was measured at total lung volume by occluding the expiratory port 13 . After 20 to 25 seconds of occluded inspiration or expiration, the most negative or positive pressure were recorded for a MIP or MeP test. MIP and MeP were recorded as the most negative or positive value of two measurements. P 0.1 values were measured with the ventilator's built-in system 14, 15 and P 0.1 was calculated as the mean of five measurements at each point of the study 16 . Arterial blood gases were measured with a blood gas analyser (IL-1650, Instrument Laboratory, Izasa, Spain).
We studied the following derived indexes: 1) The ratio of hypercapnia P 0.1 to baseline P 0.1 , described by Montgomery et al 6 .
2) The ratio of the change in P 0.1 to the change in P a CO 2 (ΔP 0.1 /ΔP a CO 2 ). We called this ratio the hypercapnic respiratory drive response.
3) The ratio of the change in V e to the change in P a CO 2 (ΔV e /ΔP a CO 2 ). We called this ratio the hypercapnic ventilatory response. 4) The ratio of the change in P 0.1 to baseline P a CO 2 (ΔP 0.1 /P a CO 2 ). 5) The ratio of the change in V e to baseline P a CO 2 (ΔV e /P a CO 2 ). The changes in V e , P 0.1 and P a CO 2 were calculated as the difference between the baseline value and the value at the end of the hypercapnia test.
Data collection and definitions
We recorded age, gender, weight, date of admission and discharge from the ICU and the hospital, and the main diagnosis which caused the initiation of mechanical ventilation. Severity of illness was evaluated with the Simplified Acute Physiology Score II collected during the patient's first 24 hours in the ICU. Pulmonary function test performed within two years of the current hospital admission was used 17 . COPD exacerbation was defined according to the Global Initiative for Chronic Obstructive Lung Disease 18 .
Duration of mechanical ventilation was defined as the number of days between the beginning of mechanical ventilation and the patient's first SBT. Weaning time was defined as the time elapsed between the first SBT and the day of extubation or, in patients with tracheostomy, withdrawal of mechanical ventilation. Patients were followed until discharge from the hospital.
Weaning was considered successful if SBT was successful, extubation was achieved and reintubation was not required within the next 48 hours. We considered weaning a failure if a patient presented any signs of distress (described above) during the SBT or if reintubation was required within 48 hours of extubation. Again, patients were followed up until discharged from the hospital.
Statistical analysis
Categorical data are expressed as numbers and percentages. Continuous variables are expressed as mean ± standard deviation or as median and interquartile range. Differences between groups were evaluated using Student's t-test for continuous data and chi-square test for categorical data. Receiver operating characteristic (ROC) curve analysis was performed to assess the ability of the various ratios/indices derived from the hypercapnia test results to discriminate between patients who were successfully weaned and those who failed. Threshold values were selected according to the minimum sum of false positive and false negative test results. The accuracy of the indices in predicting weaning outcome was analysed for sensitivity and specificity. A P value less than 0.05 was considered statistically significant. Statistical analysis was performed with statistics software (SPSS 15.0, SPSS, Chicago, Illinois, USA).
ReSULTS
We studied 44 COPD patients; 38 men, mean age 65±9 years. Nineteen patients (43.2%) were successfully weaned from mechanical ventilation and 25 failed the weaning process, 22 of whom failed the SBT and three were extubated and needed reintubation within 48 hours of extubation. There were no significant differences between weaning success and failure groups on anthropometric variables, FEV 1 , MIP, MEP, Simplified Acute Physiology Score II and haemoglobin values ( Table 1 ). The median (interquartile range 25th to 75th) length of mechanical ventilation before the hypercapnia test was 4 (3 to 6) days for successfully weaned COPD patients and 3 (2 to 6.5) days for failed COPD patients (P=0.38). In the first set of measurements of the hypercapnia test, we found differences between weaning success and failure patients in pH (7.41±0.04 and 7.36±0.05 respectively, P=0.002), V e and P a CO 2 ( Table 2 ). No differences in plasma standard bicarbonate (29.8±2.9 mmol/l and 31.2±3.2 mmol/l respectively, P=0.15) and P 0.1 ( Table 2) were found. We also did not found significant differences in the added deadspace in weaning success and failure patients (406±69 ml and 375±66 ml respectively, P=0. 14) .
Weaning failure patients had lower increases in P 0.1 and V e to hypercapnia ( Figure 1 ) and lower hypercapnic respiratory drive response and hypercapnic ventilatory response value than successfully weaned COPD patients ( Table 2 ). The ratio between hypercapnia P 0.1 to baseline P 0.1 did not show statistical differences between patients with weaning success and weaning failure (3.21±1.76 and 2.48±0.83 respectively, P=0.11).
The area under the ROC curve achieving a higher discriminative power for weaning outcome was baseline P a CO 2 and the ΔV e /P a CO 2 ratio ( Table 3 ). The threshold values for each index with the fewest false classification were: baseline P a CO 2 55 mmHg, hypercapnia test P a CO 2 73 mmHg, hypercapnic respiratory drive response 0.20 cmH 2 O/mmHg, hypercapnic ventilatory response 0.30 l/min/mmHg, CI=confidence interval, P 0.1 =occlusion pressure in the first 100 ms, V e =minute ventilation, P a CO 2 =carbon dioxide tension in arterial blood. ΔP 0.1 /P a CO 2 0.08 cmH 2 O/mmHg and ΔV e /P a CO 2 0.08 l/min/mmHg. The accuracy of indexes was not satisfactory to predict weaning outcome ( Table 4 ). Fourteen out of 15 patients (93.3%) with hypercapnic respiratory drive response and hypercapnic ventilatory response lower than the threshold value failed the weaning process, whereas 18 of 29 patients (62.1%) with hypercapnic drive response or hypercapnic ventilatory response, or both, higher than the threshold value, were successfully weaned (odds ratio 22.9 (confidence interval 95%: 2.6 to 199); P <0.001). Nineteen out of 22 patients (86.4%) with ΔP 0.1 /P a CO 2 and ΔV e /P a CO 2 lower than the threshold value failed the weaning process, whereas 16 out of 22 patients (72.7%) with ΔP 0.1 /P a CO 2 or ΔV e /P a CO 2 , or both, higher than the threshold value were successfully weaned (odds ratio 16.9 (confidence interval 95%: 3.6 to 79); P <0.001).
There were significant differences in ICU length of stay (6.8±2.7 days and 12.8±8.4 days, P=0.001), without significant differences in hospital length of stay (21.7±12.9 days and 27.0±18.1 days, P=0.15) between weaning success and weaning failure patients, respectively. Overall in-hospital mortality was 15.9%: two patients in the weaning success group and five patients in the weaning failure group (P=0.68).
DISCUSSION
The results of our study showed that intubated COPD patients who failed weaning had a lower hypercapnia response test than successfully weaned patients. However, the prediction capacity of individual indices of this test, assessed by the area under the ROC curve, poorly predicted weaning outcome. The simple measure of basal P a CO 2 showed better or similar accuracy to the hypercapnic response test. Only when the hypercapnic respiratory drive and hypercapnic ventilatory response were below the threshold values was this test found to be useful to predict weaning failure.
Contrary to Montgomery et al 6 , we did not find significant differences in hypercapnia P 0.1 to baseline P 0.1 ratio between weaning success and failure patients, probably because the CO 2 increase in the studies was different. The lowest hypercapnia response test observed in weaning failure COPD patients compared with successfully weaned patients was described in other studies 6,8,9 . In spite of the great difference in baseline P a CO 2 between success and failure weaning patients, the increases in P a CO 2 were similar. For this reason we explored the ratios of increase in P 0.1 and V e to baseline P a CO 2 . This finding would be explained by having applied to each patient a deadspace similar to tidal volume reached during PSV of 7 cmH 2 O. The results of our study could have been different if we had applied the same deadspace to all patients.
In our study, the mean values of hypercapnic response, compared with other studies with nonintubated healthy subjects 19, 20 , is clearly lower, especially for the hypercapnic ventilatory response value. This is in accordance with other studies in stable COPD patients 19, [21] [22] [23] [24] [25] and in COPD patients undergoing mechanical ventilation 9, 26 . COPD itself may explain these decreased values 19, [21] [22] [23] [24] [25] , but patient age 27 , the inspiratory resistance produced by the endotracheal tube 19, 28 and muscular weakness induced by mechanical ventilation 29 may also contribute to the low hypercapnia test response.
Interestingly, weaning success and failure groups had similar levels of plasma bicarbonate, but the weaning failure group developed respiratory acidosis, indicating that V e and P 0.1 were inadequate. Thus, in the weaning failure group, baseline value of P 0.1 (point A, Figure 2 ) should have been two-fold greater than observed (point B, Figure 2 ) and the hypercapnia test response (point C, Figure 2 ) should have had a greater slope (point D, Figure 2 ).
We speculate that in the weaning failure group, an abnormality in the respiratory centre output and/or in neurotransmission could be present. Consequently, chemoreceptor blunting could have been a contributing factor responsible for weaning failure in some patients, as suggested by Jubran and Tobin 2 . Also, patients who failed weaning developed worsening pulmonary mechanics 2 , with a lung volume close to the total lung capacity and the diaphragm unable to act as an inspiratory muscle 30 . However, this could explain the low hypercapnic ventilatory response but not the low hypercapnic drive response 19 . Weakened respiratory muscles do not explain the blunted hypercapnic respiratory drive response as severe weakness from partial curarisation does not affect P 0.1 and the hypercapnic drive response 31 . As shown in other studies 2, 32 , no differences were found in the degree of airflow obstruction (FEV 1 ) between weaning success and weaning failure patients, nor in the level of respiratory muscle strength (MIP and MeP) 2, 32 .
The method used to produce hypercapnia by means of the addition of a deadspace similar to the tidal volume has the advantage of being an easy method to implement at the bedside. This method is able to provide an increase in P a CO 2 greater than 10 mmHg in five minutes, similar to the usual rebreathing test 20 . During the hypercapnic challenge, patients were ventilated with a fixed low level of PSV to overcome the ventilatory circuit resistance 33 , as neuromuscular response to CO 2 has been demonstrated to be similar at different levels of inspiratory assistance or with unassisted ventilation 34, 35 .
Our study has several limitations: first, the limited number of patients studied; second, the wide normal ranges described for hypercapnic stimulation indices 19, 20 , the large day-to-day intra-individual variation in breathing pattern parameters 36 , the within-day variability of hypercapnic ventilatory response and the coefficient of variation that ranges from 8.3 to 26.3% (average 17.9%) 37 ; and third, the accuracy of respiratory parameters measured directly from the ventilator, compared with other methods such as pneumotachography.
In conclusion, COPD patients who failed weaning had a significantly more blunted response to the hypercapnia test than successfully weaned patients. This test could be useful to predict weaning failure if the combined hypercapnic respiratory drive and hypercapnic ventilatory response values were below the threshold values. 
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